Introduction
Cigarette smoke is probably the most significant source of exposure to toxic chemicals for humans, involving health-damaging components such as carbon monoxide, toluene, hydrogen cyanide, formaldehyde and nicotine [1] . Data from the World Health Organization (WHO) hypothesize that by 2030, cigarettes could kill nearly 9 million people a year around the world [2, 3] .
Some of the cigarette compounds are linked to the increased incidence of cardiovascular disease, including coronary heart disease, cerebrovascular disease (stroke, transient ischemic attacks) and vascular diseases (aortic aneurysm and atherosclerosis), being the primary cause of the obstructive pulmonary disease [4] . Nicotine, one of psychoactive compounds of cigarette, is an alkaloid that binds and activates nicotinic acetylcholine receptors (nAChRs) [5] . It is known that there are nAChRs receptors in functional units of visual processing such as retinal cells, lateral geniculate nucleus, and primary visual cortex of numerous species [6, 7] .
The exact mechanisms of color processing impairment are still not well specified; however, it is suggested that the imbalance in the neurotransmission of acetylcholine, dopamine and glutamate as well as impairments in the receptors functioning or conformation alter visual processing [8] [9] [10] . Studies have shown that nicotinic agonists affects the release of these neurotransmitters [5, 11] . In this study, 20 healthy non-smokers (Mean age = 33.5 years; SD = 7.88; 10 males) and 20 heavy cigarette smokers (Mean age = 31.3; SD = 5.90; 10 males), from 25 to 45 years, who were working as staff or were students at Federal University of Paraiba, were recruited through newspaper advertisements.
Participants were excluded if indicated any one of the following criteria: Female participants that used contraception were only tested outside their menstrual period to minimize confounds of hormonal differences.
In addition, subjects were required to have a good ocular health: no abnormalities were detected in the fundoscopic examination and in the optical coherence tomography exam. All observers were screened for color blindness using Ishihara's tests for color deficiency and had normal or corrected-to-normal vision as determined by a visual acuity of at least 20/20 [20] .
Smokers reported a smoking history of at least 8 years, currently smoked more than 20 cigarettes/day and had a score > 5 on the Fagerström Test for Nicotine Dependence (FTND) [21] . Smokers began smoking on average at the age of 16.5 years (SD = 3.25) and had been smoking on average 15 years (SD = 6.45). All subjects were asked to abstain from caffeine containing products starting at 12.00 pm on the evening prior to the measurements. Smokers were allowed to smoke until the beginning of experiment. Non-smokers had never smoked a cigarette. There were no statistical differences between depression and anxiety symptoms pre-and post-experiment, as measured by Hamilton Scale for Depression and Hamilton Anxiety Rating Scale.
The groups did not differ in age, F (2, 37) = 0.14, p = 0.94, or ratio of males to females (Pearson's Chi Square Value = 1.7, ns). There was also no difference in FTND scores (t (1) = 2.23, p = 0.76), age at first cigarette use (t (1) = 3.59, p = 0.73), and years of cigarette use (t (1) = 1.63, p = 0.93) between the two groups of smokers who took part in this experiment (Table 1) .
Color Vision Test
Color vision was assessed with the Lanthony D15d test (D15d). D15d is an arrangement test composed of a fixed reference disc and 15 other discs with different shades of the same brightness (8) and saturation (2) covered by Munsell papers [16, 17] . The bottom of these discs contains the numbering from 1 to 15 which represents the correct sequence. The instrument is arranged on a table with a black background, receiving illumination from a 60 W incandescent lamp with an angle of 45°. The distance from the point of illumination to the box to order the pieces measures 21 cm, as required by the manual for lamps with the mentioned [22] .
The application of the test followed the instructions in the manual. All the sources of illumination, except the required, were excluded. Thus, the discs were randomized and the role of participants was simply to arrange the discs in the correct color order as they perceive it and the arrangement is then evaluated. Participants with color perception deficiencies will have difficulties trying to arrange the colored discs and will usually make mistakes [16] .
The evaluation of the patient's arrangement differentiates normal color perception from congenital or acquired moderate and strong defects in deutan (green and green weak blindness), protan (red blindness) or tritan (blue-yellow blindness) color discrimination. The evaluation of the results can be done qualitatively or quantitatively. However, the D15d test should not be analyzed only qualitatively when it is desired to discover early losses in color vision [22] . Thus, the CCI (Color Confusion Index) of Bowman was used to quantitatively evaluate the performance of each participant [23] .
The desaturated test is much more difficult to complete correctly than the Farnsworth D -15. It is a much more sensitive test.
Data Analysis
Statistical analysis was performed with the statistical package for the social sciences (SPSS ® ) version 23.0. The distributions for each group were compared with Kolmogorov Smirnov. Both groups showed non-normal distribution, thus non-parametric statistical methods were used to analyze the data. For all intergroup comparisons, Mann-Whitney U test was used. Spearman's rank correlation coefficients (rho) was conducted to assess the relationship between bio-socio-demographic variables such as age, gender, level of schooling, FTND and visual performance for Lanthony D15d. Table 1 presents the demographic data of participants included in the analysis. The mean age of smokers was 31 years (SD = 5.89). Education level mean was 15 years (SD = 1.86). Age at first cigarette smoking was 17 years (SD = 1.4) and have been smoking for 15 years (SD = 6.9). All smokers' participants scored an average of seven on FTND. The participants in the non-smokers group were matched for age, education level and sex. Table 2 shows the values of the descriptive statistics.
Results

Demographics
Lanthony D15d
Results for the D15d test are shown in Figure 1 . Group color confusion indexes for smokers were higher than for non-smokers (U = 22; r = -0.52, p = 006). The Jonckheere test revealed a significant trend in the data (J = 251, z = 2.47, r = 0.43); thus, smokers presented almost 1.5 (0.09 log units) times more discrimination errors than the non-smokers group (Figure 1 ).
Spearman's rank coefficient did not show significant correlation between CCI and education level (rs = 0.284, p = 0.225) and gender (rs = 0.010, p = 0.966). There was a statistically significant correlation between age (rs = 0.610, p = 0.004) and CCI data, where middle-aged adults had poorer discrimination than younger adults did. There was no correlation between FTND and CCI (p > 0.05).
Discussion
The data indicated that smokers demonstrated acquired color deficits when compared to non-smokers. For example, non-smokers CCI were about 1.5 times higher than smokers did (Figure 1 ). May be it is early to conclude that there are impairments in the red-green and blue-yellow color vision system, but the D15d was sensitive enough to detect these losses.
Numerous compounds in the cigarette smoke such as carbon monoxide, toluene, tar, nickel and many others are, by themselves, potentially harmful to health [24] [25] [26] . Chronic exposure to these substances can cause poisoning and consequent retinopathy [27, 28] . Thus, the intent of the present study was not to specifically evaluate the effect of nicotine, one of the components of the cigarette, but to observe and investigate the effects of chronic cigarette smoking in color vision processing.
Although smoking habit between woman and men are slightly different, there were no gender differences in our data [29] . However, we observed differences between age and CCI, with middle-aged adults had poorer CCI than young adults. This same pattern was found in other studies using psychophysics [30, 31] . It is hypothesized that the normal aging affects visual processing in humans, being consistent with Faubert's theory of visual perception and aging [32] .
Hazardous compounds of tobacco cigarettes can play a significant role in retinal sensitivity loss in heavy smokers likewise as addiction chemical modulators through dopamine (DA), GABA and glutamate neurotransmission deficits [33] [34] [35] [36] . Nicotine, one of tobacco psychoactive components, enhances DA release through a dynamic balance of activation and desensitization of nAChRs located mainly in the ventral tegmental area and in the striatum [11, 36] . As stated, since there are also nAChRs and DA receptors on the retina, it is not hard to understand that chronic smoking would impair sensory integration at some points, especially considering early visual processing [37, 38] .
Cigarette smoke is a chemical mixture that involves components such as organic solvents (toluene or formaldehyde). As observed in other studies, chronic exposure to solvents affected visual processing [22] . Thus, chronic cigarette smoking, including toxic smoke inhalation, points to another possible mechanism of visual impairment, toxic optic neuropathy [26] .
Finally, our results indicated that smokers presented less discrimination when compared to the non-smokers group. There were no observed evidence of the existence of selective changes in color vision system, but the data support the idea that tobacco compounds affected color vision as a whole. Even though there are a limited number of studies about smoking and visual processing, specifically about color vision, our limitations need to be considered. First, the major limitation is that this was an observational study, and such a design does not permit evaluation of the physiological or genetic associations between smoking and color vision per se. However, we cannot fail to draw parallels with physiology, as pointed out by classical studies of visual psychophysics [10, 31, 39] . Another limitation is in relation to the sample age. In a similar study, there was a large difference between older and younger smokers [15] . Although it is not possible to dissociate normal aging from the natural decay caused to vision, our intention is to add a sample with older participants and make the same comparison used here.
Finally, our intention was not to evaluate separately cigarette compounds, but to point to a new direction of smoking studies. Clearly, further work is needed but this study highlights the relationship between smoking and color discrimination.
